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MODELIN(io FEXTERN. $L” R\D1.4T10N FROM ‘THE

rR.4NSPORr (~ FR+I)loN[:CLIDES” \C’ROSS iC.ANY’ON

Brent M. Bowers, Wli!larn .+. Olsrn. Donald Van EIten. and I-II Chcn

Los ,Alamos Natwsal Laboratory

Los Alamos, New Mexico

1. INTROD(J(”TION

The Los .Alamos Meson Physlci Facdlty (L\MPF) IS an

M13-million electron volt. I m+ Intcnslty linear proton accelerator
used forstudy lngsubalomw partlclesat relatlvimlc veloclm’s.

Routine operation ofthe acccleramr results In the Ibrmalion of
short-lived airactlvation products, primarily In the beam stop

section of LAMPF.
Offsitc radiation exposure levels from LAMPF i~perations

have been routlncly momtored in the Ioeation ofmaxtmum ex-

posure since 1977 wi[h a network of thermoluminescent dosi-
meters (TLDs). In 1982. a pressurized Ionization chamber (l>l(’)
was placed aI the fenceline location oflhe maximum external

rndiauon level (Bowen 1982), Thm instrument has the abdlty to

monitor very low ex!ernai radiation levels over shorr-time periods,

and is used with the TLD measurements toestimateexternal
radidlion Icvcis. Also. a (;aussian-lype model, using onsile IISsVeOr-

ologlcal data and radmnuclldc release rates. is then used to predict

dally radiation exposures and is compared with the PIC mcasure-
mcnls.

Thn wudj prc$ents tb,c rcsultsnf monltonngand modclirtg

cxtcrni~l radifltmn Icvcls from LA MPFcmmsmns at three locations

during 1984. Mcmurmi mdlalwr cxposuresarc presented forisll
(hrce Ioctitwns during a .lWJiry period Hourly rcrduition Ievelstwe

calculated Ibrisil sltcs and compared with the prevalent wind

patterns during the study period, Prcdictcd dall) ICVCISarccom-
parcd wiih measured values at isll of the sites. Accumcy ofthc

model is compared fhr duy and night ccmditmrs, Annual model
prcchctionsare also cornparcd with TLD measurements.

2. BA(’KGRO(JND

rhe !.OS Alamos National Ldsoratory IS located on the

PaJarito Plate~u on the casterll tlanksofthe Jemer Mountains. T’hc

Smtgrcdc (’nslo Mountain.s Ile ncndy 70 km to the east. The Rio
(irnnde Valley rums north. northeast to smsth-sou~hwest belween

:he IWU mountisln rlngcs, rhe plaleau dopesdownward to the cnst

from Ihe bme ufthc Jcmcz Mountnlns (opproxlrnately 2500 m

above sea level ‘Jr MSL) 10 Ihc Rm(; randc (ap~roxlmntely 17(N)
MSL)overadlstancc 01’25 km. There nlso arc numcnmsalicrnn!-

ing’’fingcr’” MCSIISnnd cirnyon$ runnlngahmgt!lc dqse Ilnc of!hc

plotchu. rhccnn~ons nre N)- I{N) m deep and I(M)-2(M) m wide,
whllc ~hc mcsm vnry from Xh)-boo” m in width, [,,AMPF i=,hwmcd

on a mews tnp J’lw soulh 011.IIs Alnmos(”tsnyon
fle l. AM PF’ilnck IS lncalrd nhout IWO m south 01’IIIC’

~lose!t I.nbornmry houmlnry Itwntltm ncrow Ilw I IN \lnmos( ‘nn.
\Im Ihrec dwrt-llvrd, gisscouq rndlnnctlvc nlrnctl~ulllm IMtd-

IICIt. “(), 11(’, and “N, iIccIIum thr virtually nlldIJw IIwIt}d rndlnliot~
IC.VCIJ, 11.uruw ,If the nnnlhllnltmr {Wposltrotn Inml the derny III

tlvxc rtl~lit)tlllc’llllc$, () $ I I htc V PIIII(IIII ridmtl(m IsrmItk Yl fr(m!

IIIU phImc OIM’IW as II !rnvcl~ dIIWn WIII{l t’r(}tn Ihc $Inuk. Ilowew,

Ihc 1(11[1111111011111IIllndlnllllll Ill 111(”pllln!(’ (1(.(lrnw% Wllh 11111(’(Ill
downwind dlll:lnl’el 1~ 111(+~nwfd(Tn\ St)mc (hllnm,tlxll(’f 01”

II1(W Ihlc[’ Indlt)m’lllr uasr\ illc dl(l\$ll Ill I nhlr I N(lIC Ill Ill nltl\l

of the radioacuvlty released is 1’O. However. !hc half-l ifc(T”J)

of 130 Is only 12T s. Thecon[rihution of 1’010 the total radmac-
tl},l[y In the plumcat the Laboratory boundary incrcascs with ,

increasing wlndspeea. Note that although much less 1‘C is

cmilted than 1}0, more 1‘C remains at the Laboratory bound-
ary distance than 1~0 for windspecds under 3 m/s. For greater
wlrsdspeeds, “(> becomes the dominant gas. The contrihutimr of
IJN to the l~tal radioactivity is small because ilcomprisesordy a

small percentage of the releases and has a relatively short half-life.
Table I shows that the iotal radioactivity in Ihc plume

vanes greatly with the windspeed. .AI higher wlndspecds. the

reduced cross canyon travel time results in Icss radioactive decay:

however, slronger windspeeds enhance dilution of the gases caus-
ing lower concentrations downwinc!, The “decay facior” of the

radionuclide mixture mitigates much of the “dilution factor” wilh

increasing windspeed. Therefore, over the typical winds~ed
range, photon radialion levels from Ihe plume are expec[cd 10

decrease slightly with increasing windspecd. Also, windspecd can

affeet the stability, and in mm, indircc[ly afkct plume concwstra-

tionsand resulting gamm,i radiation.

3. SITINCI AND INSTRLJMENTATION

3, I LAIMPF Rclcascs

The study area is shown in Fig, 1, The L,AMPF stack IS 30

n, high and hasa diametcrat !hc top Ofo.g m. A Karsrrc-tww-
ionization lnslrumcnl is used tu monitorthc radmactivc gnscs

before entering the stnck. A volume is recorded, which Iscorrcliltcd
M [he IoIicl rndionuchdc [Iirc[]t}ccntrtlti[)ns In twrics percubw

meter ((’i/ml) In the stack gas, The pcrccntngc composltlonsnf 1’(),
II(. and I$J in the Slllt.k q;IS IWVC been determined Previously by

armlyzing bag samples (,( the stack gns. Stuck VCIOCIIY is mcnsurcd

continuously by an nncmornctcr placed hillf’wnyup Ihc ~tack nnd
by penodw slack Icsts,

Table 1. Release Data of the ‘Three Primary Radinaetlvr (;ase~

and Amounts nf Radlnactlvlty Remahslng Ut W) m Ihwnwlnd

% Remalnhrg at H(M)m

Itadloactlve .pll for I)lflcrent W’lndspeed!

(;awe~ (%) (,) m~) 3 (m/s) 6 (m/~) 10 F7q
.— — — .—— —.—----
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3,J Extcrmd f?uduitlorr Montlonng

Three PI(’5 monitored rcid-tlmc photun cxpmurcs to alr
during IWI aI the ntwrmt tIflsItc boundiq across the Los Aliirnos
( ‘un){~n f’hc Instrumcrsts were Iocatcd UI iszlmulhs O1’oo(mmh),

?2 (ntmh-northctist) :Ind 4$’ (T)[)rthusst)oftht’ L.\MPF st~ck. The

1’1(’$ Im’uled in (he north ond n(~tth.northmst urc 72S m from the
ita(h. whIlc (hc north~ii\t 1>1(’I\ Iocatcd 87S M Ir{)m (hc stack,

I:;iih In+trumcnt uww [I m,xll!ied Rcuwr-Su)kc\ high-pressure

I(Im/JII[m ch;lmher (Viin l~IIen I WI). An ar’ray (J 12 Illhlum

Iluondc l“1. [) \lillloll\ oli{) nl~lnlltm I[)ng-term g;imrniidoscs on a
rm]llnr hil$l S,

4, Kl:Slll, f’S \N[)l)lWt !SSION

.$1 $I{mlt[mng

I 11(! IIIWI(IIIIIIIJI1l (’ (It i,~(ltl].ft)lttllw[.slcrl} illld \l)Ulh-

\\~,\h, Il\ WI INl\ JI I I~\ \lAIIIIW I\ IlliIwt:I’cd h} :In Iltmrl} l’rrqm’nc\

~lm~rilm l~w tlw J’hl, I} ittI{l} prtlfd ( lIg !) I’h I\ pcmd 1$
l(’IJl(’\t”ll lillll [’ Ill ,1$ imlil~(’ iltlllllill Wlll(l\, NOIC II(IW ill! 1111.$ illlC\

\SIIl(l ,lc\L,lIIp~ III lhr allcrn(j[~n Ilt)ur$ ond Iscc{)nlr$ morr trvqut’nl

Iillt’1 IH lll[’(’\ (’lllll~illl(l L’illl) llloll~ll:~l llllll\, \tl(llll ?X’?ll~lilll

IJIIIIIIIIIIW wlmlinrv \tmlhwmlcrl\ \$lIIl{. lll~’fl Iti*ct I~lII\\I~IItlI
\!llllll W1’\l, \(llllll \iL”\l, ,lll(l l\(’\l\ lllllll\$(’\t il(”t’ 1111111fill il 1111111111

!l(vlrl\ f.1’% [11 nip. htllnl( \\llld\ %lIKI1 ,ll’1 11(’ hll!h Ilcqllclll’i ,~i

\{lulh\\thlrll\ wlllll\ l\ pltlllillll$ (’:IIIWXI h\ 111(, (hilnnrllllg 011111’

I,rrlllll\ ill ultl(l\lu III(, Rlll( Itillltlv l’illlr\ I Ill\ l)ll)(t’~$()((1111 Illl!tc

llr(ll,(, till\ ,11 Illrdll II II(’II 11)1’ frtll( ill Itlltlng l\:ll J Illlnllllllm

ll\ 11.11)1) Ill,, 1111111($111 \ 1)1 1111 \Jll(’\ \$lll(lf tll’{l[’:l\{’\ \\llllt’

,l{!\\ll { ,lllr\ Ulll,lf })(, (!1111(, !lllllt~ Illlplltlillll Ili lillt~ llllllnlll~, Ihc

w-

.\ . . . . ---------
\ .__.. qq

NW

N..

024681012 141618 :0 :: X
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Fig. 2. Hourl) ti’equmscydiagram of w[nd dtrec[lon durlngo .!9.
da) s[udj pcnod,

northcasterl;. winds. probably also ciluscd b) channeling. accwunl

Ioruver 20% of all winds,
“I_hcdaytime wind pattern Is complex and visncd, BcsIdl,\

the channcllngcfliict. some mulhwcstcrly \.inds rcsull from a
mounusln-vullc) wind up the RIO (irandc V:illc) mused by slrong

solar hcuung(Bowcn 198 I ). These wlndsnrc especially Important

during the summer season becisusc ofa lack ofs(rungond pcrsls-
Icn! winds, ,Ar upslopc wind also dcvclopsovcrthc Platctsu during

thcday at timcsof light large scisic windsimd strong sunshine. NOIC
theoccurrencc ol’southcisstcrl~ and sooth-southcustcrly winds

during the ksIc mornlngand istternoon hours.
The complex pa!tcrn of winds causes Iisrgc vanotlons of

gamma ICVCIS*with time ol day. Average hourly gismnli] Icvcls

caused by LA MPFcmiwimss (or the 4%day study pcnod i~r’c
shown In Fig. 3. Both the hlghc!,t iir)d IOWCSIhourly a$cmgcs occur
at [he northcisst PI(”. The hlghcst a~cragcsof40p R/h ot’cur

around midnight hccausc of the high I’rcqucncy ofi{~u[hwcstcrl}
winds, !%licidisy valuc$urc vco low [It the northcil$t \IIC l’r~m] iI

scarcity otup-vullcy winds ut this tlmc, W norlh-norihc; ist $IW
shuws is vmllur, but rnorc modcriitc diIIly gilnlmir radlati~m $arlis -

tmn. I_ht norlh Pl(’ show$ a rillhcr uniform il~Crilgc riidl[l(lt~tl lr~cl
throughout the 141v. Incrca$cd d;l!llmc ml~lng ol’the (Itnloiphvre

pkl}s an Imporl;int role In rc(i~lclrlgglltlltllil fildlilllofl Ictul$ ill ,ill

three SIICS.

rh~ tncrcmcd (Iil}tlfllv mlxlrsg is shown vIt Idl} In I;IK. 4,

which contis[ns hlstogrums(~l~ti]l]dilr(i dctliltl{)n {Wh{mt[)nt;ll
wind (O.) tind VClllCill wlncl (0,) hy hm, r, Vill UC\ olh(lth 0,, illl(l r7@

ilI’C rnorc’ thnn lwlcc its Iargc’during the earl} allernt)(m Il(luri ilj

Ihcy ilre during Ihc Itste. nighl and ctlrl}.lnort)ltlgtl(l~lrf. l“hc
dlurnnl vimulmn of Ihc Iwt) ilrC qullr wmllnr.

fh Vilrlillll)n dunngthc dil~ In Ihc [. f\hl Pl, rulcow rill{’

illsoc[)nlrlhlll~$ wncwhnl 1~1rdlnlmn varliltlon~, \icr;ikc h~)url}

rclcilsc rillC’i tiM (he $Iild} Ik’ll(d wcrr io.~()% h~l i{llrlllk lht’ (Iii)
WIICI) rolltlnc IllillnlCIlill\L’C (Iflhl. 1. \M I>l:tl(’illll IS 1111’ grc:ltcft

42 M(ldellng

4.! I lh\L’ow(m

I W(I tllill{lr ~’(lr}$lilcr~llltl)li Ill (111’lllt)(lt’l lllp(It’ tiltllilllllll
(’ii UW(l l)} il plllmc ;Irc 111(’IllqMt\cv l)flhe rtw,pt[)r Iron! Iht, Illlltllt’

011(1 111[’ 1111(’l}~llt (11” ,11(’ Iil(llilll(ll} [illlillllllltlg Iifml II I h(,\(, Cllll -

$Id(’rillloll$ ilrc Ill ;1(1(1111(11) lo Ill{’ pl(lld(’nl (lt’I’\l llllilllllg III(, (l(l\$ n.
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wlndcorrtiguratlon ofthr plume and theconccnlrallon ofradio-

nuchcicswlihin l!. .Agamma-<m lttlngcloudv thsnlall cilmcns]{~n$

comparcdw]th thcdlstancc thcradlatton travclslsl,,l~ledatinl[c

cloud formodcllngpurpow. A method ff)rcalculatlng[hce~-
posure from a tinltt cloud hz., tmcn dc~cloped by Heal> ( 1968),

This model contwns tntcernls tha[ account for thcgcometry of[he
passmgplumc wlthrcspu [othcrcccpmr. Aconsldcrable amounl

ofcompumr tlmclsrcqulrcd tocalculcrte thelntcgrals. Hmiy
suggests using lhe !inl Iccloud model when [he standard dcvmtton

of thesprefid of theplume [cr)lslw.s than ltMlm orso.
4 much simpler Infinltecloud mudel can be used for

gamma-ray plumesal relatively Iargedownwlnd dlstanccs. The

followlng model for Infinite clouds ISmken from .Jf,vi’orokw}’ und

Ironrfc .Errcr,q)’ ( Hcaly, 1968):

yEJ = 0.457 C7Z (1)

whereyD IS~he dose (rads) orexposure (roentgens), E, IS the

average gamma energy emitted at each disintegration (MeV/dls),

and ZIS Ihe radmnuclldc concentration (tunes/m]), This cquatmn
can he used dunngequihbnurn or near-equdlbnum conditions
when Jusl as muchenergy-absorption pm unit volume occurs as~nergy.release~runilvoiume, The value ofyD isdirect’~ PrcsPur- .

tmrral to X. Since z is relatively ciIsy to determine by using the
GaussIan dispersion model. the infinite model is much easier to

calculate than the finite model.
The frnlte model was used to predict N-h exposures at the

three sites by adding up 15-rein estimates. The results indicated
that the rriodel underestimated the actual exposures by more than

50%
The infinite model was ken used to estimate 24-h gamma

exposures at the three sites. I-iealy suggests that Eq, ( t ) he reduced

by a factor of O,5 for calculating ground level doses, because a
receptor at the ground would only receive radiation from half the

idealized cloud or plume, However. an empirically derivtd reduce

tion factor of O.25 was used instead.

The ground-level form of :hc Gaussian dispersion model
was used to calculate z, For long-term Integrated concentrations.

the seasonal sector averaged form of the Gaussian dispersion

model was used. The dispersion coetlicicnts rrYand u, were dc-

termosed directly from the ons~te meteorological data ustng a

method suggested by;. raxler ( 1976). The stack release gas m
LAMPF is very close to the ambient tcmperattme. The stack rise is.

therefore, c:<pected to be from momentum only. The stack nse

equation suggested by Briggs ( 1969) was used.
The ditTcrcnt heights ofttrc three receptors relatlvc to the

source were accounted for in the modeling. As o compromise, Ihc

plume was assumed for modcl[ng purposes 10 travel halfwuy

between con~iant !mrcsin (mesa top) hclght uncJ height abuvc stir
Itvel, Forexa npk !hc north f’i~ IS nt a height 17 m above the bnsc

ufthc LA MPFstack, For modcllnb purposes, this rcduccs 10 8.S m

Even at ihc north Pl~. !hc highest monitor this msc-hnlfbeight

adjustment In the tnodel only In<rcascs cstlmntcs npproxlmilt. !y

10%over thccasc withcut height adJustmcnl. “ThcetTcct Isevml
Irss at the north.northeast PI(4, which IS(only 10 m hlgltcr than the

ground Icvcl nt LAMPF.
I:or wmpllcltv. It isalsons.wsrncd thnt nll nvuIhsblr gutc$ In

the plume cross thcurnymt, Rcnllstwally, wmlc of the gIIscs ilrc lost

by turhulrrwc Into the cnnyors. Ilowcvc-, the mtnsport 01’IIw

rastionucldcs Into the usn\on hv turhulcnt cxchnrsge IScxIx’cIed to

he wmdl f.x)rupnrcd wIlh IIw amount trnnsportcd ncross the cnn!(m

~,~.? [)ISIIY Model ~CWhS

l)n[ly mmlcl frredictmrm htmcd on Inlegrnlwc (W I 5-mIn

predlruonf, were nmdc nnd ctmlpnrcd with mcnsurrd ~ illut’~

( ‘~mlpurlwm fI1’the prrdwlcd imd mcmurcd 1almw (or t11(”thrcc
vtcs nrt $I}t)wn In I:lg. S. Ilwrc I\got’ I ttwrrlntl(m Isclwven III(’
prrdwlcd Ilnd menwred diIIIs. (‘ wrelall~m Is ilrnnge$t ;Il tlw o(wth-
northcnll wtc nnd wrnkmt ot Ihc ntwthcu~l wte, lltIwci rr, (S!VI1at

Ihc tttwthro~l $Ile, the ctwrvlalltm {’l)ctficlctlt 1$htgtl ill (IN; \\tlh :1

~vwreqp{ln(lltl~ r: ! !Ilur Ilt’l}, (,t) I ill! Iltlpllt% thin (\Wl{ll the
Vnrlntl{lll t~l’ltlrnilll$,(l t ;I!llv! 1$vlplulllvil t}$ III(* 11111{1{’1ill Ihl’
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northcu$t PI(’. with higher + valuesut ihe other two ?Ites. All three
L’[)1’rL’kSllonS :Irr \lgrIlfiL’iIrIl at (he w,~%COIIfidcWC ICVCI,

NOIC that the modci closely prcdlctcd mcmurcdcxpersures

[II [hc north -nor! hwrs!irnd rrorlhcas! PI(”s with dopcsolrsearly
i)nt, H{)wcvcr, lhc slope [JI’(),61 irI IhC north PI(’ Indtcates that the

mtA.1 ondcrprcdwtsat this +IIC, This ri]thcr liirgcd!tTe!cncc in
ilI~pc t)l’[hc north P[(’duta may be related to !hc large difference of

wind frcqucnc) In wmth and wmlh.southwest winds, Radiatwm

trom the plumu tri!vcling toward the north-notiheast PIC poswbly
UIICCI$ !hc n[~rth WIC, (M, the Indwalcd wind dircctmn may he
w.~rral dcgrccs grciitcrthan the actual dlrcctmn causing the model

to undcrprcdlct at the o,wth wtc.
I$rragc hourly prcdwtcd and mca.wrcd values wcrcalscr

comp;ircd with Ci]Uhother over thcsludy pcrmd Results indmatc
thnt the rntm td’prcdwml versus mcnsurccl values IS grcatcrdunng
tlIcdiIy Ihan III ntght. onc pow Iblc rciworr IS that mmc ofthc
rodltlnu,ldcs mIIy bc mm.lngd{jwn ImO the canyon durtng thcdriy.

,\nl}tl~crt’xpluniltl[)r] I! !hnt Ihc nsoclcl unticrcstlrtlntcs tll$~rsl(>n
during unwahic Perjodf ilr}d/[)r ()$er<$tlmntc! dl$pcrswn during

~tnhlc pcnods,

4,2,3 I (Ing. l“crm MInlcl Rc$ult$

Table Il. l.on~”r~rm f?xternal Radiation Estimates Based on a
l.ong-”~erm \lnrfel, Short- rtrm \lortel and \leasrrrement (mR )

(oter .49-day study)

Long- rerm Short- f’erm
PIC Site Jlndel \Iodcl \lea+ured

.— .—— -——

N 10.9 Iltl 20.7
NNE 17,9 27,6 25,5
NE 13,0 22.() 23.0
—— ——
N Ihru NE 23.9 20 7 23.1

from corth-norrhwcst through northeast. This comparcs with the

44 mk m rcporred by (h,: TLD network,

5

(1)

(2)

(3)

(4)

(5)

(6)

St_lMM,ARY +NDCY)NC’LIJSIONS

The primary conclusions ofthc study are:
A perslstcnt, Ioeally produced up-valley wind is responsible
Ibrcauslngthc maximum exposures 10 occur to [hc northeast .

and norttr-northeast of L,AMPF,
I%cchannellngof Iargc.scislc winds, especml’j ist night, IS

MOSI Iikcly responsible Iiir ~hc high frcquem y ofup-valley

winds.
External radiation mgcncrally cc,lsidcrably .Iighcrdurlng Ihc

n]ghttimc hours bccausc ofdccrcased atmospheric dlsper.won

and, to a Icsscr dcgrcc, Increased cmw.slon rates,
Predictcdda]ly exposures u,lng the simple Inlinltecloud

approximation corrclatc very well wllh mcasuted exposures,
The more complex tlni[c cloud model gives estimates more

than 50% Icsj than measured values.
The short-term model ooes uuderpredict exposures to lhc

north of LAMPF, cspecinlly durrng the nightttmcand/or

times with weak atmospheric mixing, However. these ~rmts
coincide with the perslstcmt southwesterly and south-soul h-

wcstcrly up-valley winds, Photnn radlatlon from the ndjaccnt

plume may affect the north Pl(’and is not accourttcsl for In

ihe rnodcl. Another possihllity is that the tndicn!cd wlnti
dircctmr maybe several degrccsgrcntcr thnn thcil~tual

dircctton causingthc model to uncfcrpredict al the N sttc
f3ascd on these modcllngrcsults, a [iuusslon model IS CX.
pcctcd tn isccuratcly prc~ict rndiooctl VCor nnnmdioactl} c

Icvcls up 10 several mllcsclnwnwlrd Iforswtc mctcornlogwal

and $ourcc data arc avmlahlc. However. furthcrcnllhrntmrr {:’

the mndcls using some form of’trnccr would Incrcuw mr-
tidcncc In the uscofthc models
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